A set of maps are presented of nutrient distribution on isopycnal surfaces in the North and tropical Atlantic Ocean main thermocline. The data used in producing these maps are from the Transient Tracers in the Oceans (TTO) North Atlantic Study and Tropical Atlantic Study, an associated German study (Meteor 56/5), two cross-Atlantic sections from cruise 109 of the Atlantis II, and the GEOSECS program. The nutrient distributions reflect primarily the sources at the northern and southern outcrops of the isopycnal surfaces, the in situ regeneration due to decomposition of sinking organic materials, and the interior physical processes as inferred from thermocline models and the distribution of conservative properties such as salinity. However, silica also exhibits behavior that cannot be explained by in situ regeneration. A simple phenomenological model suggests that cross-isopycnal advection and mixing in the equatorial region may play an important role in the nutrient dynamics. These data should prove of great value in constraining models of physical as well as biogeochemical processes.
INTRODUCTION
The recent completion of the Transient Tracers in the Oceans (TTO) Tropical Atlantic Study, when added to previous TTO and GEOSECS studies, provides an excellent set of nutrient observations for the North and tropical Atlantic. This paper presents an analysis of these and other data from the same period on isopycnal surfaces in the North Atlantic main thermocline. Our intention in this paper is to point out the major features of the TTO/GEOSECS nutrient distributions on isopycnal surfaces in the main thermocline. A major point of interest in these data is evidence suggesting the importance of cross-isopycnal advection and mixing in the equatorial region at depths several hundred meters below the surface. The mechanism for this mixing is not certain at this point.
The value of "isopycnal analysis" arises primarily from the fact that in the absence of mixing and other diabatic processes, potential density is a conserved quantity following the water parcel. Also one can argue from an energetic viewpoint that waters of the same potential density will tend to mix more readily than waters of different potential density, and therefore the principal axes of the mixing coefficient tensor are aligned parallel to and perpendicular to the surface of constant potential density [Montgornery, 1938] . These are perhaps the most powerful simplifying assumptions one can make in unraveling the three-dimensional complexities of property distributions in the ocean. Montgomery was one of the first to analyze property distributions on isopycnal surfaces. Reid and Lynn [1971] and Ivers [1975] developed techniques for extending isopycnal analysis to the deep oceans where the use of a single reference pressure for calculating potential density leads to difficulties. A number of recent studies of the thermocline have employed isopycnal analysis. Thus Broecker and Ostlund [1979] investigated the structure of distributions of potential temperature, salinity, oxygen, silica, "NO" and "PO" (linear combinations of oxygen concentration with nitrate and silica, respectively, which are in theory conservative), and tritium on a single potential density surface (a0 = 26.8) in the Atlantic using physical Year (IGY) data set. They cover the area north of the line connecting, approximately, Cape Palmas on the Ivory Coast and Recife, Brazil. South of this line, only GEOSECS data were used in producing the maps and plots. Our discussion concentrates inevitably on the North and tropical Atlantic. South Atlantic data were used mostly to determine the characteristics of source waters in that region. These data span a time period of 10 years. There have been reports that comparison of the most recent data with those of the IGY period revealed systematic changes in the hydrography of the deep North Atlantic [Brewer et al., 1983 ; Roernrnich and Wunsch, 1984] . However, in our data at the depth of the thermocline, scatter of individual data was large enough to obscure systematic changes, if any, between the GEOSECS and the TTO/Meteor/Atlantis II cruises.
All quantities were linearly interpolated from levels of observation to potential density surfaces. Potential density was calculated using the new UNESCO equation of state for seawater [UNESCO, 1981] 
POTENTIAL DENSITY SURFACES
We shall briefly review the potential density surfaces chosen by Sarmiento et al. [1982a] which are also adopted here. Figure 2 shows the position of wintertime outcrops, and For levels a0 = 26.5 to 27.4, one sees a tongue of low-AOU, low-nutrient water originating in the eastern part of the outcrop, extending southwestward. This tongue indicates the "ventilated thermocline," showing that the younger waters are coming into the layer from the northeast. This is also in agreement with the tritium data, which show a similar tongue on these potential density surfaces [Sarrniento et al., 1982a] . To the west of this tongue is a region of fairly weak property gradients, which corresponds with the recirculating gyre.
The southern side of the ventilated region is bordered by the sharp front in all nutrients mentioned above. To the southeast of this is the region of very high nutrient levels and low oxygen levels. It seems natural to identify this region with the "shadow" region of the scheme of Luyten et al. [1983] . As argued by Wyrtki 1-1962], the presence of biological consumption coupled with stagnation of water produces regions of low oxygen level and high regenerated nutrient level. Thus the front signifies the boundary of the shadow region, and the contrast between the younger waters of the ventilated thermocline and older waters in the shadow region is no doubt enhanced by the strong regeneration in the latter region. We also note that the level a0 = 27.4 shows a tongue of high-oxygen, low-nutrient water from the northeast, although the climatological wind and hydrographic data suggest that this layer is not directly ventilated through Ekman pumping. Presumably, intermittent Ekman pumping due to variations in the wind field and/or sea surface temperature variations with consequent shift in the position of the outcrop can still inject surface water directly into this layer.
Silica Deficiency in the Tropics

Broecker and Ostlund [1979] report a "bend" on the main mixing line on plots of silica and "PO" ([PO] = [02] + R•,o4[PO,•] where R•,o4 is the oxygen-phosphate Redfield
ratio) against salinity, apparently situated in the tropics, at the level a0 = 26.8. In our study this bend is again seen on the salinity versus silica plots, not only at but also below the level of a0 = 26.8. Particularly noteworthy is the downward bend (i.e., silica deficiency) that is seen in the salinity-silica plot at a0 = 27.4. Figure 9 shows the relative deficiency of silica on this surface compared with the level expected from straight mixing of the Mediterranean water and the South Atlantic source water under the assumption of no cross-isopycnal mixing. In the above-mentioned work, Broecker and Ostlund have suggested that the bend is due to either (1) enhanced cross-isopycnal mixing or (2) in situ regeneration of silica. While the latter can account for the silica excess at a0 = 26.8 and 27.1, it cannot explain the silica deficiency at the deepest level.
A concern that naturally arises is that this level, a0 = 27.4, is already quite deep (see Figure 3) , and therefore a potential density surface with reference pressure of the sea surface may not be a good representation of the actual surface along which mixing takes place. To investigate this possibility, we produced salinity-silica plots on potential density surfaces with reference pressures ranging from 200 to 2000 dbar that coincide with the a 0 = 27.4 surface at the equator. We found that as the reference pressure increases, the pattern on the plot rotates counterclockwise, but the bent shape of the mixing curve is maintained. Hence we believe that the bend is not an artifact of the choice of reference pressure. We argue that there is an entry of a different water mass from the northern or southern source waters into this level in the tropics. It can be due either to injection of a new type of water along the potential density surface which is not resolved in our data or to in situ cross-isopycnal mixing. The former seems unlikely, for since the data coverage is good in the northern and western tropical Atlantic, such water must come from the southeast. In view of the generally high silica values of the southern ocean, it is difficult to imagine entry of low-silica water, as evident in the bend, from the south. We argue that cross-isopycnal mixing is a more likely cause of this feature.
To ascertain the magnitude of cross-isopycnal mixing that is necessary to create such a deficiency, we conducted a simulation of the salinity-silica distribution on this potential density surface with a very simple phenomenological model for the potential density surface a0 = 27.4. The model is a onedimensional "pipe" model aligned along the potential density surface in the north-south direction, which pictures the Antarctic Intermediate Water as a northward moving slab of water. The configuration of the model is illustrated in Figure  10 . In this model, addition of silica by regeneration was neglected. Regeneration of silica will counteract the removal of silica through cross-isopycnal mixing. Hence the mixing coefficient and/or cross-isopycnal velocity given by this model should be considered as possibly underestimated.
The local budgets of salinity and silica in this model are described by steady state advection-diffusion equations: 
where u is the isopycnal velocity and w is the cross-isopycnal velocity determined from equation (3) [Schmitt, 1979] . We calculated Ro from the Levitus ocean data to find that, except for a few small patches in the northern gyre, Ro on this potential density surface is either well above 2 or below zero. This argues against salt fingering as a likely cause of the silica deficiency. We conclude that at this point the mecha- two potential density surfaces a0 = 27.0 and 27.2 to determine these ratios. They point out that fitting a straight line on the oxygen versus nutrient plot and then calling the slope of the line the Redfield ratio is erroneous because of mixing of water masses with different preformed nutrient levels. They determine the preformed nutrient level at a given point by assuming that there is no cross-isopycnal mixing, and they subtract it from total nutrient concentration to obtain the regenerated portion from which they calculate the Redfield ratio. The resultant ratios are slightly different for the North Atlantic from that for the South Atlantic. The difference is not statistically significant in their study, but it may reflect the presence of cross-isopycnal mixing as evidenced in this study which will affect the level of preformed nutrient in the interior of the ocean rather than real regional variations in the Redfield ratio. Of course, the converse is possible, too' for example, since the definition of the theoretically conservative tracer "PO" depends on the Redfield ratio, the bend on the "PO" curve that was reported by Broecker and Ostlund [1979] may be due to nonuniform Redfield ratio rather than due to cross-isopycnal mixing. A more detailed study with the aid of observations of nonnutrient tracers and particulate matter will be necessary for unraveling the precise distribution of crossisopycnal mixing and possible regional variations in the Regeneration of nutrients and consumption of oxygen is active in the regions of upwelling, particularly off the western tip of Africa. This area of high regeneration also coincides with the "shadow region" of the thermocline where ventilation is poor, and this results in very high local levels of nutrients and low level of oxygen.
The detailed three-dimensional view of nutrient distributions afforded by the TTO and other data sets will be most valuable in putting constraints on possible modes of circulation in existing and future models of the ocean. One elementary example of this was provided in this paper where the salinity-silica distribution was used to provide information on cross-isopycnal advection and mixing. Also, nutrient cycles themselves are of serious modeling interest in relation to the climatic problems such as the magnitude of carbon dioxide uptake by the ocean. We believe that these new data sets are providing us with a firm basis with which we can compare and constrain the nutrient cycle models. 
